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Abstract 
Towards the development of a sensor dedicated to noninvasive and continuous blood glucose level monitoring, we 
developed a protocol called optical power balance shift based on a continuous-wave photoacoustic technique using a 
dual differential wavelength excitation sequence. In order to optimize the sensor response, we showed using an 
analytical model that the OPBS response depends exclusively on the absorption coefficients at the two wavelengths. 
Then, using a standard near-infrared spectrophotometer, we measured the dependence of relative absorption 
coefficients on glucose and albumin concentrations and temperature, and built a simulation tool covering all the 
possible combinations of the two wavelengths from 1300 to 2500 nm. The model was validated by good agreement 
when compared with experimental results for the 1382/1610 nm combination. 
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1. Introduction 
Diabetic patients are required to monitor their blood glucose levels (BGLs) regularly several times a 
day depending on the severity of the condition. However, despite the recent development of miniature 
sensors based on the finger-pricking technique, which has enabled on-site self-monitoring of BGLs by 
patients themselves at low cost, the discomfort of the blood sampling strongly impacts the compliance of 
patients and doesn't allow continuous monitoring.  
These issues were identified several years ago, and various techniques have been investigated toward 
the development of continuous and noninvasive monitoring of BGLs. However, the target application 
requires high selectivity to glucose (in vivo measurements with several parameters varying 
simultaneously) and high sensitivity (detection of hypoglycemia at typical levels in the 70 mg/dL). 
Among the several approaches, near-infrared (NIR) absorption spectroscopy has probably received the 
most interest.  In the NIR wavelength range, most compounds, including glucose, exhibit a specific 
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absorption spectrum. By performing detection at multiple wavelengths simultaneously, this technique then 
allows specific determination of the glucose concentration out of a complex mixture. The recent advances 
in chemometrics has also further simplified the data analysis process. On the other hand, the method has 
shown high sensitivity in in vitro conditions. However, one strong limitation comes from the bias due to 
the scattering properties of human tissue.  
The photoacoustic (PA) method uses optical excitation in the same NIR wavelength range. From 
amplitude modulation of the light beam [pulse or continuous wave (CW) ], acoustic waves are generated 
through the photothermal effect, and they propagate until a piezoelectric transducer for detection. From 
theory, PA-based techniques combine high sensitivity to glucose with insensitivity to tissue scattering. 
However, the process mixes optics and mechanics (acoustics) and involves several parameters 
simultaneously, such as acoustic velocity, optical absorption, heat capacity, and thermal expansion. 
Recently, we proposed two CW-PA approaches that rely on a specific part of the method: i) the frequency 
shift [1], equivalent to an acoustic velocity measurement, provides high sensitivity but no selectivity to 
glucose and ii) the optical power balance shift (OPBS) [2], equivalent to a differential optical absorption 
coefficient measurement. The OPBS method is then equivalent to NIR absorption spectroscopy but 
without the limitation due to scattering. However, the sensor response to compounds depends on the two 
wavelengths used, and a simulation tool to predict the optical wavelengths dependence of the sensor 
response was then developed to scan systematically the full NIR wavelength range. 
2. Experimental 
The CW-PA OPBS method has been described extensively elsewhere. However, its main 
characteristics can be briefly summarized as follows.  
2.1. Experimental setup 
The OPBS method uses excitation by two optical beams amplitude-modulated with square waves at 
the same frequency but opposite phase. From theory, the pressure wave thus generated depends on the 
difference in the D˒P coefficient, where D is optical absorption and P is optical power [Fig. 1(a)]. With the 
setup shown in Fig. 1(b), we can then adjust the optical powers of the laser diodes (LDs) through their 
respective driving voltage (DV) to minimize the acoustic wave generation. Then, whenever the optical 
absorption changes, this DV balance changes accordingly and can be used to monitor the concentration 
variations. 
 
(a) 
 
 
(b) 
 
Fig. 1. (a) Schematic view of the dual differential optical wavelength excitation sequence and (b) the corresponding experimental 
setup. 
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2.2. Absorption coefficient 
We first investigated the optical absorption covering the full NIR range, and more particularly the 
range from 900 to 2500 nm. This range corresponds to an interesting compromise, where the absorption 
level is sufficient to generate detectable acoustic waves but low enough to allow penetration deep inside 
the sample (i.e., the tissue, not limited to the superficial surface of the skin). Figure 2 shows the results 
with pure water (as the reference) as well as the relative absorption of glucose and albumin. 
Measurements at several temperatures were also performed, which allowed us to build a temperature 
coefficient equivalent to a relative absorption coefficient. However, the relative coefficients remain about 
two orders of magnitude lower than that of water, so that any change of the compounds' concentrations or 
temperature acts as a perturbation to the main contribution provided by water.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Relative absorption spectra of glucose, albumin (normalized to a 1 g/dL increase of the compound concentration), and 
temperature (normalized to a 1 deg.C increase of the sample temperature) (left axis), as well as a reference absorption coefficient 
with pure water (right axis). 
3. Results 
From theory, we could establish that the dependence of the OPBS method on one parameter (for 
example the glucose concentration 'Cg) can be described by 
 
 
(1) 
 
with GP the change in optical power of one LD to compensate for the changes in optical absorptions. 
Furthermore, except for the parameter of interest and the optical power change, Eq. (1) involves only and 
exclusively optical absorption coefficients at the two wavelengths used. From the results shown in Fig. 2, 
we can then plot the expected sensor response to a 1 g/dL change of the glucose concentration (Fig. 3). 
Since the figure is symmetric (interchanging O1 and O2 will have no impact other than the sign, which 
has been chosen arbitrarily), only half of the figure is shown. Figure 3 exhibits highs and lows at specific 
pair of wavelengths, which further demonstrate the importance of systematic study in order to optimize 
the sensor response. Similar contours for albumin concentration and temperature (not shown) were also 
obtained from the results shown in Fig. 2, which show highs and lows at different pairs of wavelengths.  
In order to validate the model, we also compared those results (Fig. 3) with experiments performed for 
the 1382/1610 nm combination, the only two LDs available at the time of this writing. The two sets of 
data were obtained in different unit systems so that direct comparison is impossible. However, the ratio 
should be constant for the three parameters considered here. 
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Fig. 3. 2D contours of the absolute value of sensor response coefficient to glucose concentration normalized to a 1 g/dL change. 
 
With a ratio varying from 23 to 27 (Table 1), the good agreement between the two sets of data then 
validates our first assumption. However, the validation of the model should be further investigated by 
comparing it with experimental results obtained for other pairs of optical wavelengths.  
Table 1. Comparison between the coefficients obtained from the simulation and experiments for the 1382-1610-nm optical 
wavelength combination. Despite operating in different unit systems (unit-less for the model; mV/g/dL or mV/deg.C for the 
experiments), direct comparison can be performed by calculating the ratio. 
 Glucose Albumin Temperature 
Model (raw) -1.03 -0.44 0.93 
Experiment -24 -10 25 
Ratio 23 23 27 
 
In future development, we will then use the model results to choose the appropriate set of wavelength 
combinations for sensitive and selective detection of glucose. Furthermore, the proposed approach can be 
easily extended to other parameters. It is then particularly suitable for complex environments and sample 
solutions, such as the human body and blood samples. 
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